In this paper, effects of critical parameters, namely initial gap, squeezing speed and applied current were statistically investigated on the mechanical behaviour of MR fluid in squeeze mode. A set of 17 experiments was designed using Design Expert 7 software to gather data from response surface methodology (RSM). The responses in terms of compression modulus were then calculated. An MRF132-DG was used as a sample in each experiment. The experiments were conducted under compression stress mode using universal testing machine (UTM). Stress-strain curves were analysed using the machine integrated TestXpert analyser software package. The stressstrain curves of MR fluid under squeeze have produced a shear thickening behaviour at 13.54 MPa of the highest stress at 0.75 of strain. A correlation between the three parameters and the stressstrain properties was specified. The results showed that the initial gap and supplied current were significantly produced a high compression modulus for the MR materials. These findings are important to enhance the capability of the squeeze MR devices to operate at its best performance. High compressive stress is crucial for most magnetorheological (MR) materials, particularly in squeeze mode devices.
Introduction
Magnetorheological (MR) fluids are defined as suspensions of magnetic particles dispersed in carrier liquid. Controllable rheological properties make the MR fluids useful for vibration mitigation devices application. The MR fluids can be operated at three basic working modes, which are valve, shear and squeeze. Among them, squeeze mode exhibits the best performance in stress resistance applications. However, the stress-strain curves have showed several stages existed in the squeeze mode [1] - [2] . The stress resistance performance depending on various factor such as gap, supplied current and compressive speed [3] - [4] . The gap was usually given in between 1 to 2 mm [5] . The initial gap of MR fluid in compression process represents the materials volume and the damper displacement. A larger displacement of gap is very important to be applied into damping systems.
Electrical current is supply to the magnetic circuit in order to determine the magnetic field strength, which is largely increases the MR fluid's performance. Thus, a linear relationship can be drawn with two variables i.e. the electrical current and the magnetic field strength. In addition, the strength of particle structures of MR fluid is depending on the magnetic field strength. Understanding the effect of each factor on the performance of squeeze MR fluid is crucial in developing MR fluid squeeze mode devices. Therefore, in this paper, the effects of electrical current, gap and compressive speed on compression modulus, were investigated using design of experiment (DOE).
Methodology

Material.
A commercial hydrocarbon-based MR fluid (MRF-132DG) was used to study the stressstrain performance of the MR fluid under squeeze mode. MRF-132DG was formulated by 20% volume fraction of particles dispersed in hydrocarbon oil. In the absence of magnetic field, MRF-132DG exhibits significantly low viscosity at 0.092 Pa⋅s with ±0.015 tolerances at 40°C. The MR fluid provides high resistance to hard settling, easily re-disperse, stable at a high temperature (up to 130°C) and less sensitive to contaminants. In addition, the fluid can also be used at a low voltage (2 to 25 V), small current (up to 2 Amps) and power consumption between 2 and 50 watts.
Compression Test. A squeeze testing rig was fabricated to perform the experiments. Details of the testing rig design were reported in [6] . Design consideration was to produce parallel magnetic flux lines along with squeezing direction. Distribution and density of magnetic field was simulated and each part of the test equipment was analyzed and optimized using finite element method for magnetic (FEMM) software package. Compression test was performed by integrating the testing rig with 50 kN Zwick Roell Universal Testing Machine (UTM). Testing rig temperature was monitored using a thermocouple from time to time to avoid overheating of solenoid due to current supply. Fig.  1 (a) shows instruments arrangement for the compression test.
The compression test for MRF-13DG started with the top cylinder movement to the initial position of 1 mm. The displacement of the top cylinder was initiated immediately after dispensing the material onto testing area. A constant current of 0.8 Amps was supplied to electromagnetic coil to generate magnetic field. The material was compressed and tensioned alternatively in cyclic order at a constant speed of 1 mm/min. Maximum and minimum gap distances were given at 2 and 1 mm, respectively. Force-displacement data was recorded using 50 kN standard load cell and was analysed using TestExpert® II software. 
Design of Experiment (DOE).
Experiments were design using Box-Behnken model of RSM. Three parameters identified to affect the compression performance were the initial gap, compression speed and supplied current. Response in this design was measured from resulting stress-strain curves. Total experiments resulted from the design was 17, including with five repetitions of the centre parameters. Fig. 1(b) shows the graphical representation of the Box-Behnken design. Table 1 shows attributes of the DOE and actual levels of each parameter. Design analysis was conducted using Analysis of Variance (ANOVA). Results Fig. 2 shows stress-strain curves resulted from the compression test. The curves experienced a gradual increase of compressive stress between 0 and approximately 0.3 mm strain. The gradual increment was then amplified significantly until the final gap. Compression modulus, G, was measured in the second region where second increment was observed. The modulus G calculated for each sample is given in Table 2 . Table 3 shows a variance analyzed of modulus G where a 2-factor interaction (2FI) model was used in the analysis. Terms A, B, C, and BC are significant where the value of prob>F of each term is less than 0.05. Lack of fit value was found not significant shows the model is valid and adequate to represent the response. The predicted R 2 and adjusted R 2 were 99.84% and 99.91% respectively. An adequate signal precision of 153.24 was resulted from the model. The estimated factors relationship with the response in this study is given by the following equation. G = 25.45 + 9.29A -0.5B + 1.94C -0.10AB + 1.43AC -0.25BC
(1) Fig. 3(a) shows the normal probability pot of the residual for hardness properties with studentized residual fall in a straight line. The observed value were compared with the predicted value calculated from the model, where the regression model was fitted well with the observed value as shown in Fig. 3(b) . The compression modulus at different parameter setting is shown by contour graphs in Figs. 4(a) -(c). Fig. 4(a) indicates a specific relationship between compression speed and initial gap at supplied current of 1.2 A. The maximum and minimum compression modulus achieved at 1.2 A current was 35.13 and 19.85 respectively. Compression modulus increased with increasing gap and decreasing speed. Fig. 4(b) demonstrates a relationship between supplied current and initial gap at a compression speed of 0.5 mm/min. The maximum compression modulus achieved at 0.5 mm/min compression speed was 35.09 and the minimum was 19.66. Compression modulus increased as the Advanced Materials Research Vol. 445 gap and current increased. Fig. 4(c) shows a relationship between supplied current and compression speed at initial gap of 2.0 mm. At 2.0 mm initial gap setting, the maximum compression modulus achieved was 37.63 while the minimum was 32.35. Compression modulus was observed to increase with increasing current and decreasing speed. Among the three factors analysed, the compression speed was the least contributor to the response whereas the initial gap was the most significant to the response (a) (b) (c) Figure 4 . 2D contour plots of compression modulus for (a) compression speed against initial gap at 1.2A current, (b) supplied current against initial gap at compression speed of 0.5 mm/min, and (c) supplied current against compression speed at 2.0 mm initial gap.
Discussion
The resulting stress-strain curves signified an inclination trend of the compressive stress. The trend was similar to shear thickening behaviour, where the compressive stress was increased with increasing the compressive strain [7] . The compressive stress increment in the squeezed MR fluid was due to a build-up pressure. As the top plate moving towards the bottom plate, the MR fluid volume in the testing region contracted and forced to flow in a radial direction from the testing region. Therefore, the pressure inside the MR fluid was developed. The inclination was also related to the increase of particle concentration and magnetic field strength. Particle concentration was increased due to filtration phenomenon, whereas the increment of the magnetic field strength was due to reduction of the gap. A higher magnetic field density was developed when the gap was narrowed. More particle structures were then developed at a higher magnetic field density. These structures increased their strength and simultaneously exhibited resistance to the compressive force.
During the initial stage of the compression where the stress increased gradually, particles in the MR fluid started to establish complex structures and later transformed into dense columns. The column structures caused more restriction to the compressive force, and amplified the compressive stress.
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Compression modulus G indicated stress-resistance performance of the MR fluid. A higher modulus signified their capability to operate at high stress applications. The compressive speed in the range of 0.5 to 2.0 mm/min has showed less significant to the increased of the compression modulus regardless to the high applied current of 1.2 A, or to the large initial gap of 2 mm. The finding was similar with previous result done by See et al. [8] , where both fast and slow step compression produced a small effect on the compression modulus.
Compression modulus G was increased with increasing the applied current as shown in Figs. 4(b) and (c). This relationship was often discussed as the supplied current linearly correlated to the magnetic field strength [2, 4] . The relationship could also be described with Ampere's law for magnetic circuits, where magnetic field strength, H, is a function of number of turns, N, and applied current, NI=∫ H· dl. Applying a higher current had caused early formation of particles due to compressive strain. Particle chains were formed rapidly and corresponding to the applied pressure/stress. At various magnetic field strengths, the particle chain structures formed inside the MR fluids were affected their stress-strain relationships. Chains formation was depended linearly on the applied field strength. Therefore, as the magnetic field increased, the tendency of the particles to form thick columns was also increased. On the other hand, the influence of the applied current could be described as filtration phenomena. The filtration phenomenon was defined as expelling carrier fluid process from the MR fluid, which consequently changed the MR fluid's solids-to-liquid ratio. The filtration occurred at different rate with referred to the applied currents.
Effective gap contributed the most to the compression modulus. The range of compression modulus increment was the largest when compared to the correlation between compressive speed and applied current. This indicated that with the same amount of applied current, the magnetic field was independent to the compressive stress. However, MR fluid produced a high stress resistance at the larger initial gap. The process was due to the filtration phenomena where a larger initial gap allowed more filtration occurrence in MR fluid compared to a smaller initial gap. Variations of filtration scale due to gap size were also reported in previous study [9] .
Conclusion
Three parameters for the stress-strain properties were investigated. The combination of applied current and effective gap had shown a high compression modulus of 39.0 N/m 2 . At this compression modulus, a stress resistance of 15 MPa could be produce. Therefore, the findings showed that the initial gap and the applied electrical current could significantly obtain a high compression modulus G of the MR fluid. The study suggested a stable range of speed used in the design of experiment is applicable in static load devices.
